in these four elements, which are common in enzymes initiating rolling-circle replication (RCR) (7) , interfered with PCV1 replication in cell culture (20) . Motif II is involved in the coordination of bivalent cations (8, 12, 15, 31) , which were demonstrated to be indispensable for the cleavage of the PCV1 origin in vitro (27) . In the case of the geminiviruses Tomato yellow leaf curl virus and Faba bean necrotic yellows virus, a tyrosine within motif III (Tyr-103 and Tyr-79, respectively) has been identified as being the catalytic center for the initiation of unidirectional leading-strand synthesis (5, 11) .
The intergenic region of PCV1 comprises the origin of replication containing characteristic sequence elements: an inverted repeat, 5Ј-AAGTGCGCTG-3Ј, forms a putative stemloop structure with the conserved nonanucleotide 5Ј-T/AAGT ATTAC-3Ј in its apex, which is also present in all avian circoviruses. The inverted repeat and the nonamer are essential for cleavage and ligation of origin fragments in vitro (27) , and cruciform extrusion from the double-stranded replicative form is assumed to provide the single-stranded DNA (ssDNA) conformation necessary for cleavage in vivo. Hexamer repeats (5Ј-CGG/TCAG-3Ј) are found adjacent to the stem-loop as a part of the minimal binding site (MBS) responsible for the recruitment of the replication proteins Rep and RepЈ (28) . Similar features are also found in the Geminiviridae and Nanoviridae, ssDNA plant viruses replicating via RCR. Replication of PCV has been analyzed, and the initial point of viral-strand DNA synthesis has been mapped: Rep and RepЈ bind to and cleave the viral origin in a strand-specific manner between nucleotides 7 and 8 of the nonamer, thereby generating the 3Ј-hydroxyl group for priming unidirectional leading-strand synthesis. Replication is terminated by Rep/RepЈ in a second cleavage reaction after the regeneration of the origin, thereby releasing unit-length monomers in a Rep/RepЈ-catalyzed nucleotidyltransfer reaction (27) .
The purpose of this study was to assess the impact of the conserved sequence elements within the origin of replication as well as the conserved amino acid motifs of Rep/RepЈ and to dissect their role with respect to distinct steps of PCV replication. Our results showed that the stem-loop and hexamers H1 and H2 are essential for replication and that the cleavage of the origin depends on motifs I, II, and III. Tyr-93 within motif III of PCV1 Rep/RepЈ confers cleavage activity in vitro. Although Rep exhibits ATPase activity, ATP hydrolysis is not required for the initiation and termination of viral replication in vitro, whereas GKS mutants did not replicate in a cell culture-based replication assay. Energy for DNA ligation is conserved by a covalent link between Rep/RepЈ and the DNA substrate after cleavage.
MATERIALS AND METHODS
Construction of plasmids. PCR fragments were generated with the High Fidelity PCR system (Roche Diagnostics, Mannheim, Germany). Primers and oligonucleotide sequences are given in Table 1 . Plasmids pORF4A, pRep-mutI, pRep-mutII, and pRep-mutP have been described previously (19) . Mutant rep genes were subcloned into vector pTriEx6HN (27) or pGEX-6P-1 (Amersham Biosciences, Freiburg, Germany). pTriEx6HN-repmutY93 was generated by amplification from template pORF4A using primer pairs F660/B274A and F245/ B661. Primer B661 introduced an amino acid exchange from Tyr-93 to Phe-93 in the Rep protein. PCR fragments were restricted with PstI and AscI (F660/ B274A) or BamHI (F245/B661) and cloned into AscI-and BamHI-restricted pTriEx6HN. For the generation of pTriEx6HN-repЈmutI, the SacI fragment (322 nt) from pTriEx6HN-repmutI (positions 2374 to 2695) was inserted into SacIrestricted pTriEx6HN-repЈ. PCR fragments from plasmid template pRep-mutI , Germany) were transformed with pTriEx6HN-rep, pTriEx6HN-repЈ, pTriEx6HN-repЈmutI, and pTriEx6HN-repmutY93 (PCV1). Expression and purification of recombinant proteins were performed as described previously (27) . Glutathione S-transferase (GST)-RepmutII and GST-RepmutP were expressed in E. coli BL21 cells (Amersham Biosciences) after induction with IPTG (isopropyl-␤-D-thiogalactopyranoside) (0.2 mM) at 30°C. GST was expressed from plasmid pGEX-6P-1 as a negative control. GST fusion proteins and GST were purified with glutathione-Sepharose (Amersham Biosciences) after cell lysis using BugBuster protein extraction reagent in combination with Benzonase nuclease and rLysozyme solution (Merck Biosciences). Purified Rep and RepЈ recombinant proteins and GST were concentrated and rebuffered in Tris-EDTA buffer (pH 7.5) using Microcon centrifugal filter devices (Millipore Corporation, Bedford, MA). Aliquots of the purified proteins were fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and visualized by staining with Coomassie brilliant blue dye.
In vitro cleavage reaction and detection of covalent linkage of Rep to DNA. DNA cleavage reactions and covalent linkage were performed with oligonucleotides corresponding to the PCV1 plus-strand origin (Fig. 1) . A total of 0.5 pmol of 5Ј-Cy5-labeled F301 was incubated with 500 ng of protein in cleavage buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM MgCl 2 , 5 mM dithiothreitol, 1 mM EDTA) in a total volume of 30 l for 90 min at 37°C. Cleavage products were analyzed in nondenaturing 5.5% polyacrylamide gels and visualized using the FLA-2000 Fluorescent Image Analyzer (FUJIFILM). Covalent linkage of Rep to the DNA was investigated with oligonucleotide F1165 labeled with biotin at the 3Ј end ( Fig. 1 ). Five hundred nanograms of His-Rep protein was incubated with 1, 10, 50, or 100 pmol of F1165. After the addition of SDS loading buffer (0.25 mM Tris-HCl [pH 6.8], 50 mM dithiothreitol, 1% SDS, 10% glycerol, 0.1% bromphenol blue) and heating for 5 min at 95°C, cleavage products were separated in denaturing 10% polyacrylamide gels. Following immobilization on a polyvinylidene difluoride membrane, protein-DNA complexes were visualized using either monoclonal anti-biotin peroxidase conjugate (1.5 g/ml; Sigma) or monoclonal anti-His tag antibody (3 g/ml; Dianova) and monoclonal antimouse peroxidase conjugate (80 ng/ml; Sigma).
ATPase assay. Five hundred nanograms of protein was incubated in a solution containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10 mM MgCl 2 , 100 M ATP, and 2 Ci [␥-
32 P]ATP in a total volume of 32 l for 45 min at 37°C. The reaction was stopped by the addition of 200 l 7.5% charcoal activated in 50 mM HCl-5 mM H 3 PO 4 . ATP was precipitated after 5 min at room temperature (13,000 rpm, 10 min; Heraeus). The radioactivity in the supernatant was determined by liquid scintillation counting.
Replication assay. The activity of mutant Rep proteins was investigated in a replication assay based upon luciferase (luc) reporter gene expression (21) . PK15 cells were cotransfected with plasmid pRL16 carrying the origin of PCV1 and the luc gene as well as a plasmid expressing the wt or mutant Rep protein. Conversely, the activities of origin mutants were determined after cotransfection of pORF4A expressing wt Rep/RepЈ and a plasmid carrying the mutated origin of replication of PCV1 as well as the luc gene. A rise in the copy number of the plasmid via replication is reflected in the increasing reporter gene activity. One hundred nanograms of the origin plasmid plus 100 ng of the replicase plasmid were cotransfected with 50 ng of Rous sarcoma virus-␤-galactosidase into PK15 cells, and the latter was used to standardize for transfection efficiency. The preparation of cell lysates and determination of luciferase and galactosidase activity were described previously (21) .
RESULTS
Generation and expression of mutant PCV1 replication proteins. The capability of Rep and RepЈ to cleave and reseal the viral ssDNA was demonstrated recently (27) . The present study investigates the impact of amino acid motifs that are conserved in the Rep and RepЈ proteins upon the initiation and termination of viral replication. Fig. 2A, lanes 3 and 5) , and that of GST-Rep, GST-RepmutII, and GST-RepmutP corresponded to 60 kDa (Fig. 2B, lanes 1, 2, and 3) . Analysis of Rep/Rep mutants with respect to cleavage activity. The dependence of PCV1 Rep/RepЈ cleavage activity on motifs I to III and the GKS box was investigated in vitro. His-tagged or GST-fused Rep/RepЈ protein was incubated with the 5Ј-Cy5-labeled oligonucleotide F301 (Fig. 1) comprising the inverted repeat with the conserved nonamer (indicated as 10-12-10) (Fig. 3) and four adjacent hexamers (indicated as 6-6-5-6-6) corresponding to the viral plus strand of PCV1. A signal representing the 5Ј-terminal cleavage product was indicative of cleavage activity (Fig. 3, lanes 2, 3, 7, and 10 ). Since the expression of RepmutI in E. coli did not result in sufficient amounts of soluble protein, the impact of motif I on origin cleavage was analyzed using His-RepЈmutI instead of His-RepmutI. Incubation of F301 with His-RepЈmutI (Fig. 3, lane 5 ) and GST-RepmutII (Fig. 3, lane 9) did not result in cleavage of the substrate. Since DNA cleavage is commonly accomplished via a nucleophilic attack by a hydroxyl group of either a conserved tyrosine or serine residue of the Rep protein (14, 23, 26, 29) , we assumed that this function is exerted by Tyr-93 in motif III of PCV1 Rep/RepЈ. Consequently, Tyr-93 was replaced by Phe in His-RepmutY93. The activity of this mutant was completely abolished (Fig. 3, lane 4) , suggesting that Tyr-93 of PCV1 Rep is crucial for the initiation of viral replication. In contrast, GST-RepmutP was active in the in vitro cleavage assay (Fig. 3, lane 10) , corroborating the observation that ATP hydrolysis is dispensable for origin cleavage in vitro (27) . Motifs I to III are essential for Rep and RepЈ to cleave the origin of replication, while the GKS box is not.
Covalent linkage of PCV1 Rep to the 5 end after cleavage. A round of RCR is terminated by the cleavage and ligation of the newly synthesized ssDNA strand. This step is usually independent of ATP hydrolysis, and energy is conserved by a covalent link of the replication protein to the DNA (10, 14, 27) . To determine whether Rep is transferred to the 5Ј end of the cleavage product, His-Rep was incubated with increasing amounts of 3Ј biotin-labeled oligonucleotide F1165 (Fig. 1) . F1165 comprises sequence alterations upstream of the inverted repeat, which inhibited reassociation after cleavage (21) . In the Western blot, an anti-biotin antibody detected the DNA in the complex, while the protein was visualized with an anti-His tag antibody. With both reagents, retardation of the Rep-DNA complex was observed (Fig. 4 , lanes 1 to 4 and 6 to 9), and its molecular mass corresponded to approximately 46 kDa. Comparable results were observed when the PCV1 His-RepЈ protein was studied (T. Steinfeldt, unpublished data), showing that Rep and RepЈ are covalently linked to DNA after cleavage.
RepmutI, RepmutII, RepmutY93, and RepmutP do not support replication of PCV1 in cultured cells. The impact of the four conserved amino acid motifs on DNA replication was investigated in cell cultures by using a luc-based reporter gene assay (32) . Mutant Rep proteins were tested for catalytic activity with respect to the PCV1 wt origin. For this purpose, PK15 cells were cotransfected with pRL16 carrying the wt origin plus the luc gene and plasmids carrying the mutated rep gene of PCV1. Plasmid pRL16 cotransfected with vector pTriEx6HN or pSVL-SV40 as well as plasmid pTriEx6HN-rep or pORF4A plus vector pGL3-p served as negative controls (Fig. 5 , bars 1 and 7 and 2 and 8), while plasmid pORF4A or pTriEx6HN-rep in combination with pRL16 (Fig. 5 , bars 3 and 9) was a positive control. Replication activity was seen with neither Rep-mutI, Rep-mutII, or RepmutY93 nor with RepmutP (Fig. 5, bars 4, 5, 6 , and 10), demonstrating that not only motifs I to III but also the GKS box plays a pivotal role for replication of PCV1 in cell culture.
PCV1 Rep hydrolyzes ATP. The G 176 KS sequence is conserved in proteins mediating ATP binding and hydrolysis (28 , lanes 2, 3, 4 , and 5, respectively) were expressed in E. coli and subsequently purified by affinity chromatography using Ninitrilotriacetic acid agarose beads. The GST fusion proteins GST-Rep, GST-RepmutII, and GST-RepmutP (B, lanes 1, 2, and 3, respectively) were purified using glutathione-Sepharose after expression in E. coli. Rebuffered and concentrated proteins were fractionated by SDS-polyacrylamide gel electrophoresis and visualized by staining with Coomassie brilliant blue dye. The apparent molecular mass was determined by comparison with a protein standard with the indicated molecular masses (A, lane 1; B lane 4).
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and ATPase activity was determined. As expected, His-Rep hydrolyzed ATP, while ATPase activity could not be detected for His-RepЈ (Fig. 6 , bars 2 and 4). ATP hydrolysis was strictly dependent on the presence of Mg 2ϩ (Fig. 6, bar 3 ), while incubation with ssDNA and double-stranded DNA (dsDNA) did not influence the catalytic activity (Steinfeldt, unpublished) . A negative control that omitted His-Rep verified that the catalytic activity was Rep specific (Fig. 6, bar 1) . ATP hydrolysis was slightly reduced with His-RepmutY93 (Fig. 6,  bar 6 ) and diminished about 50% with GST-RepmutII (Fig. 6,  bar 5 ). When GST-RepmutP was tested in the ATPase assay, ATP hydrolysis was completely abolished (Fig. 6, bar 7) , demonstrating that this motif confers ATPase activity.
Conserved sequences within the origin of PCV1 are essential for viral replication. The MBS of Rep and RepЈ comprises the right part of the stem-loop and the two adjacent hexamers and recruits the proteins to the double-stranded origin of replication (27) . Remarkably, we showed recently that the cleavage of origin fragments in vitro does not depend on the MBS (27) .
To investigate the impact of the conserved DNA sequence elements on replication in cell culture, mutant origin versions were constructed (Fig. 1) . PK15 cells were cotransfected with pORF4A encoding the rep gene of PCV1 and luc plasmids carrying the wt or mutated origin. Negative controls combined either the PCV1 Rep/RepЈ proteins with the origin-deprived luc plasmid pGL3-p or vector pSVL-SV40 with the PCV1 wt origin of replication (Fig. 7A, bars 1 and 2 ). The latter serves as the benchmark for luciferase expression from a nonreplicating plasmid. In the positive control, plasmid pRL16 carrying the PCV1 wt origin comprising the putative stem-loop and the four hexamers H1 to H4 was combined with wt Rep/RepЈ, and a fourfold increase of luciferase activity was seen (Fig. 7A, bar  3) . In plasmids pRL16-1, pRL16-2, pRL16-3, and pRL16-4, the indicated hexamer was mutated from 5Ј-CG(G/T)CAG-3Ј to 5Ј-CCCGGG-3Ј, while in plasmids pRL16-12 and pRL16-34, two adjacent hexamers, either H1/H2 or H3/H4, were modified. When plasmids pRL16-1, pRL16-2, and pRL16-12 were cotransfected with pORF4A (Fig. 7A , bars 5, 7, and 9), the replication activity of pRL16-2 was strongly reduced, and no activity was seen for pRL16-1 and pRL16-12. In contrast, plasmids pRL16-3, pRL16-4, and pRL16-34 revealed no decrease in replication activity (Fig. 7A, bars 11, 13, and 15 ). Another set of plasmids carried origin mutants disabled in the formation of the putative stem-loop. In plasmid pRL17-1, the upstream sequence 5Ј-AAGTGCGCTG-3Ј of the nonamer was altered to 5Ј-GGCTGCAGAT-3Ј, and in pRL17-2, the downstream sequence 5Ј-CAGCGCACTT-3Ј of the nonamer was altered to 5Ј-TCCTGCAGCA-3Ј. In pRL17-3, the original sequence was replaced by another inverted repeat. Modification resulted in a loss of replication activity for pRL17-1 and pRL17-3, while replication activity was reduced for pRL17-2 (Fig. 7B, bars 5, 7, and 9 ). Taken together, our results indicate that hexamers H1 and H2 are essential for the efficient replication of PCV1 and that H3/H4 cannot replace H1/H2. Moreover, sequence alteration in the stem-loop impairs the replication of PCV1, but mutations downstream of the nonamer can be compensated to some extent.
DISCUSSION
Influence of conserved motifs I to III and GKS on initiation of viral replication. Rep and RepЈ of PCV1 act as RCR initiator proteins in vitro (8, 12, 15 These motifs have been tested in a preliminary study in a DpnI assay, which revealed their significance for the replica- ability of RepmutY93 to bind to dsDNA (Steinfeldt, unpublished) or hydrolyze ATP, but cleavage activity in vitro as well as replication in cell culture were completely abolished. These results proved not only that His-RepY93 is functional but moreover that binding to dsDNA and cleavage of ssDNA are distinct events during the initiation of replication. We demonstrated for the first time that PCV1 Rep is covalently linked to the DNA after cleavage, a finding that is corroborated by another recent study of PCV2 (24) . Since the mutagenesis of Tyr-93 in motif III of PCV1 Rep (5Ј-YCSKE-3Ј) inhibited cleavage, we suppose that Tyr-93 executes this reaction, and a second cleavage necessary for the termination of replication is promoted by an additional Tyr-93 in an oligomer composed of at least two replication proteins. This assumption is supported by the detection of homo-and heterocomplexes of PCV1 Rep and RepЈ in vitro and in vivo (T. Finsterbusch, unpublished data).
Rep hydrolyzes ATP, while RepЈ does not exhibit this capability. Mutagenesis of motifs II and III did not compromise ATPase activity, which was strictly dependent on the integrity of the GKS box and the presence of bivalent cations, while the addition of ssDNA and dsDNA did not enhance ATPase activity. The lack of ATPase activity of RepmutP coincides with the loss of replication activity in cell culture, suggesting that ATP hydrolysis by PCV1 Rep is indispensable for its function in viral replication. The role of ATP hydrolysis during the viral replication cycle remains to be determined: although ATP is not essential for cleaving the phosphodiester bond in vitro, the addition of ATP increased the cleavage activity of PCV1 Rep (Steinfeldt, unpublished) . Rep binding may mediate the partial unwinding of the origin and thereby may lead to cruciform extrusion and the generation of an ssDNA region, which is recognized and cleaved by Rep and RepЈ. A similar mechanism for the replication initiator of plasmid pT181 has been described previously (17) . A putative helicase activity of the PCV Rep protein associated with ATP hydrolysis could lead to a further unwinding of DNA strands as a prerequisite for DNA synthesis. This hypothesis is endorsed by the identification of a putative helicase domain within the C terminus of the Rep proteins of PCV1 and PCV2 (12) , similar to other viral helicases (28) .
Impact of conserved DNA elements within the origin on viral replication. Previous studies revealed that the MBS, the right part of the putative stem-loop structure plus the two adjacent hexamer sequences H1/H2, recruits Rep/RepЈ to double-stranded origin fragments. The observation that viral replication in cell culture is highly dependent on the presence of the two inner hexamers H1 and H2 confirms the binding of Rep/RepЈ to the double-stranded origin of replication. H3/H4 cannot replace inactivated H1/H2. This is corroborated by the finding that a mutation engineered into H1/H2 induced the deletion of the mutated sequences and replacement by the downstream H3/H4 (2) . Moreover, the stem-loop was found to influence replication: mutagenesis of the downstream sequence of the nonamer reduced replication, while an alteration of the upstream or both sequences abolished the activity completely. This cannot be due to the secondary element per se, since in 17-3, the original stem-loop was replaced by another inverted repeat.
The present study has expanded the current understanding of the replication of PCV1: after the conversion of the ssDNA into a dsDNA replicative intermediate, Rep and RepЈ are recruited to the origin of replication via binding to the MBS including hexamers H1/H2. Cruciform extrusion induces the exposure of the nonamer sequence as ssDNA, which is subsequently recognized and cleaved by Rep/RepЈ. Cleavage generates a free 3Ј-hydroxyl group, which serves as a primer for DNA synthesis, while the replication proteins become covalently attached to the 5Ј end after cleavage. RCR motifs I to III are essential for in vitro cleavage of the DNA as well as for the replication of PCV1 in cell culture, while the GKS box is indispensable for replication in cell culture but not for cleavage.
